For surface modification of stamping dies, an inseparable two-dimensional binary-phase gratings is introduced to implement the wavefront transformation of high-power laser beams. The design and fabrication of the gratings are described in detail. Two-dimensional even sampling encoding scheme is adopted to overcome the limitations of conventional Dammann grating in the design of twodimensional output patterns. High diffractive efficiency (470%) can be achieved through the transformation of the Gaussian laser beam into several kinds of two-dimensional arrays in focal plan. The application of the binary-phase gratings in the laser surface modification of ductile iron is investigated, and the results show that the hardness and the wear resistance of the sample surface were improved significantly by using the binary-phase gratings.
Introduction
High-power laser beams are now used extensively in manufacturing. Material-processing applications often require beam shaping to get laser intensity distributions differ significantly from those generated directly by conventional industrial lasers [1, 2] . Laser surface modification has been used in industrial applications, as it prevents advance abrasion or cracks of the surface. The mechanical properties, especially the wear resistance of the stamping dies is very important in automobile manufacturing. Ductile iron is an attractive kind of material for stamping dies of automobiles because of low cost, good castability and mechanical properties. And the laser beam used in laser surface modification of ductile iron processes is always the original Gaussian spots [3] . The significant improvement in wear resistance by laser surface remelting is at the expense of the excellent self-lubricant, damping properties of graphite, which are as important as the abrasive wear properties in some service conditions. Thus, it would be attractive if the modification layer of the ductile iron contains periodic gradient zone, i.e., the laser remelted zone and the laser transformation hardened zone are formed alternately. In this paper, the original Gaussian laser beam is shaped into two-dimensional patterns of equal-intensity spots with high efficiency.
It is usually difficult to achieve the above transformations by conventional optical elements due to their inherent optical properties, and the diffractive efficiency of computational holographic optical elements is low [4] . With the flexibility and high efficiency in laser beam shaping and transformation, binary optical elements (BOEs) are successfully employed to convert the laser beam into many different shapes [5] [6] [7] [8] . And these array spots can be realized by using a fractional Talbot imaging setup [9] or a Dammann grating [10] . The former device can be very light efficient (close to 100%) and compact but it has a major drawback: to achieve good array uniformity, a Gaussian laser beam must be converted into an incident flattop beam with a plan phase front. To achieve high conversion efficiency, two optical components are needed, which reduce the overall efficiency and greatly increase the dimensions of the space-variant array spots. Dammann gratings are space invariant Fourier-domain array generators, which concern nothing with the input beam shape. But the diffractive efficiency is hard to increase due to the separable coding technology of the Dammann gratings. In theory, Vasara introduced inseparable two-dimensional gratings [11] to improve the conversion efficiency of the Dammann gratings. But according to the knowledge of the authors, very few reports are available up to now on the research of high-power laser beam shaping by inseparable two-dimensional binary-phase gratings, which could make the laser beam present array distribution within the spot area and the corresponding application in surface hardening.
In this paper, an inseparable two-dimensional binary-phase grating is presented, which could convert the Gaussian laser beam into several kinds of two-dimensional uniform-intensity array spots with high efficiency. The design of the binary optical elements is discussed and the fabrication method is described. Moreover, the application of the binary optical elements in laser 
The design and fabrication of the inseparable binary-phase gratings
The experimental optical system is shown in Fig. 1 . A collimated laser beam illuminates the binary-phase grating located in front of the lens. The surface to be hardened is put in the rear focal plane, where the shaped intensity distribution of the laser beam was obtained. The design and fabrication of the binaryphase grating are shown in what follows.
The design of the inseparable binary-phase gratings
In laser material processing, the diffraction efficiency of the laser beam transmission elements should be high enough to ensure high-power laser beam output. Moreover, according to certain surface modification process, different shapes of laser beam are needed, i.e., the design of the binary-phase gratings should be flexible enough to obtain various laser beam shapes. However, the diffractive efficiency and the flexibility of the Dammann grating are limited due to its one-dimensional encoding method. Common examples of possible phase encodings are pixellated and trapezoidal phase encodings, arbitrary coding scheme and the separable Dammann grating [11] . In this paper, the two-dimensional even sampling coding schemes ( Fig. 2 ) was adopted, which is more flexible than separable conventional Dammann gratings and easier than trapezoidal and arbitrary coding scheme.
According to scalar diffraction theory, the Fraunhofer intensity diffraction at the output plane should be
where l is the wavelength of the laser, z is the focal length of the lens, and t(x 0 , y 0 ) is transmission function of the grating. Assuming that the complex amplitude transmittance function is t 0 (x 0 , y 0 ), and the size of the element is infinity, the complex amplitude transmittance function t(x 0 , y 0 ) of the rectangle aperture grating could be expressed as
where d is the width of a period of the grating, from the convolution of theorem, the spectrum of the grating can be
Tðf x ; f y Þa0; and Tðf x ; f y Þ ¼ T 0 ðf x ; f y Þ where T 0 (f x , f y ) is the spectrum of a single period. The phase of a period in the uniform sampling rectangle aperture grating is composed of gridding aperture cells. Assign each cell with 0 (white cells) or 1 (black cells), which represent that the phase of cell is f 1 and f 2 , respectively (Fig. 2) . If there are L cells, of which the phase delays are f 2 , and the coordinate of the lth cell's nearest apex to the origin is (x l , y l ). From the linearity theorem of Fourier transform, the transmittance function t 0 (x 0 , y 0 ) is
Then, the spectrum in the output plane can be expressed as
The intensity distribution can be obtained by integrating Eqs. (5) and (1):
The elements designed are binary phase, and elements are defined by
where the series is summed over only those points that form the uniform-intensity array, and I is the average intensity of these points, and I 0 is the input intensity of the laser beam. The simulation anneal algorithm [12] [13] [14] is adopted to optimize the result, and several two-dimensional array spots are obtained, such as the 5 Â 5 array spot (Fig. 3b) , annularity array spot (Fig. 4b) . The corresponding phase maps were given as shown in Figs. 3a and 4a . The number of sampling cells of 5 Â 5 array is 16 Â 16, and the number of sampling cells of the annularity array is 32 Â 32. The uniformity of the gratings designed is less than 5%. And the diffractive efficiency is 78% and 73%, respectively, which are about 10% higher than the efficiency of Dammann grating.
The fabrication of the inseparable binary-phase gratings
Take the 7 Â 7 array element for an example to give an illustration of the fabrication of the binary-phase gratings. The diameter of the element fabricated is 50 mm, and the length of a single period is 266 mm. With the wavelength l ¼ 1.064 mm, and the focal length of the lens f ¼ 150 mm, the interval of the adjacent spot of the shaped beam is D ¼ lf/d ¼ 0.6 mm. The diameter of the single spot of the shaped focal spot is d ¼ 0.45 mm.
The very large-scale integration (VLSI) technique [15] was adopted in our experiment to fabricate the binary-phase gratings. The first step is to make the mask with electron-beam writing equipment. A thin layer of photo-resist is spun onto a glass substrate. With ordinary microelectronic lithography technology, the mask pattern is transformed into a photo-resist layer upon a glass substrate. The inductive coupled plasma technique was used to transfer the photo-resist pattern onto the substrate. The refractive index of the glass that was used at a wavelength of ARTICLE IN PRESS 1.064 mm was n ¼ 1.5067, and the thickness corresponding to the phase difference p is 1046 nm. The surface profile of a fabricated 7 Â 7 array grating measured by scanning probe microscopy is shown in Fig. 5 . It can be seen that the average depth of this surface-relief element is 1077 nm, slightly deviating from the desired value. The fabrication error is less than 5%. The small phase and position errors have almost no effect on efficiency but have a small effect on the uniformity, according to our numerical simulations.
The application of inseparable binary-phase gratings in surface hardening process
The as-cast pearlitic-ferrite matrix ductile irons, with the nominal chemical composition (at%) of 3.4 C, 2.19 Si, 0.60 Mn, 0.018 S, 0.040 P and balance Fe, were selected as the tested material. The ductile iron specimens, 12.5 mm Â 12.5 mm Â 19 mm in size, were laser hardened by a HLD2006D Nd:YAG laser equipped with the designed binary-phase gratings. The pulsed laser processing parameters were as follows: laser output power 2000 W, pulse frequency 2 Hz, pulse duration 15 ms. Two-dimensional array intensity distribution of the employed pulsed laser beam at the focal plane could be acquired after the transformation. Modified by the 7 Â 7 array laser beam at the focal plane, the surface morphology of ductile iron (Fig. 6 ) was obtained. Fig. 7 (a) [16] shows optical micrograph of the cross-section of the laser modification layer, it is clearly seen that the layer consists of laser melted thin surface layer, laser transition zone and laser transformation hardened zone. Also, it is interesting that the microstructure of the surface-section of the layer (Fig. 7(b) ) [16] is non-uniform because of the effect of a single-spot laser beam with 7 Â 7 two-dimensional array distribution, and the microstructure distribution is similar as that along depth direction ( Fig. 7(a) ). Fig. 8 shows the two-dimensional microhardness map of the cross-section of the half-layer modified by the laser with the original Gaussian distribution. It shows that high hardness zone mostly distribute in the bottom of the modified layer with low hardness in the top. This kind of distribution of hardness is not preferred for improving the wear resistance of the modified layer. Fig. 9 is the two-dimensional microhardness map of the cross-section of the laser surface layer modified by the laser beam shaped to 7 Â 7 two-dimensional array. It clearly shows periodic gradient hardness distribution, which results from the gradient distribution of microstructure. Dry sliding wear testing was taken to contrast the wear resistance property of the surface treated by Gaussian laser and the laser beam with 7 Â 7 two-dimensional array distribution. The experiments were performed under the ring rotate speed of 40 rpm, the time duration of 20 min, and room temperature. The result is shown in Fig. 10 . It can be seen that under any load condition, the mass loss of the sample modified by Gaussian laser beam is more than that of the sample modified by the shaped laser beam. With the increase of load, the extent of improvement in wear resistance for the sample modified by the shaped laser beam also increases. When the load is 69.4 N, the wear mass loss of sample modified by laser beam with 7 Â 7 twodimensional array distribution is 1.5 times less than that of sample modified by Gaussian laser beam. Fig. 11 shows the morphology of worn surface of the two samples. It clearly shows that the worn surface of the sample modified by the shaped laser (Fig. 11b) looks much smoother than that of the sample modified by Gaussian laser beam (Fig. 11a) . Compared with the sample treated by conventional Gaussian laser beam, the wear resistance of the ductile iron sample treated by the shaped laser beam improved indeed. Therefore, use of binary-phase gratings is expected to improve the wear resistance of the metal parts under high impact loads bearing conditions and, hence, enhances the service life of the dies.
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Conclusions
The inseparable binary-phase gratings designed and fabricated are applicable for high-power laser beam shaping, and well applied in automobile stamping dies surface modification process. The adoption of two-dimensional even sampling encode scheme overcomes the limitation of Dammann gratings in two-dimensional design, and the diffractive efficiency is improved. The application of the inseparable binary-phase gratings in surface modification made the ductile iron surface show periodic gradient hardness distribution, which results from the gradient distribution of microstructure. And the wear resistance of ductile iron has improved, which shows prosperous application future.
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